A probabilistic technique for the joint estimation of background and sources in high-energy astrophysics is described. Bayesian probability theory is applied to gain insight into the coexistence of background and sources through a probabilistic two-component mixture model, which provides consistent uncertainties of background and sources. The present analysis is applied to ROSAT PSPC data (0.1-2.4 keV) in Survey Mode. A background map is modelled using a Thin-Plate spline. Source probability maps are obtained for each pixel (45 arcsec) independently and for larger correlation lengths, revealing faint and extended sources. We will demonstrate that the described probabilistic method allows for detection improvement of faint extended celestial sources compared to the Standard Analysis Software System (SASS) used for the production of the ROSAT All-Sky Survey (RASS) catalogues.
INTRODUCTION
The main problem encountered with source detection methods in high-energy astrophysics is the detection of sources when the source signal is weak and when the source signal has to be discriminated against the background. This is due to the small number of source photon counts and to spatially extended sources, hence the Poisson distribution has to be used for statistical inferences. Traditional source detection methods subtract an estimated background from the data. Therefore, sources with low surface brightness may get lost during background subtraction. We propose a new detection method using Bayesian Probability Theory (BPT) which does not make use of background subtraction. The method is applied on ROSAT AllSky Survey (RASS) data in the x-ray regime (0.1-2.4 keV). Sources and background are separated with a mixture model technique. Detections of celestial objects are provided independently of brightness and morphology.
The RASS x-ray data were largely analysed with the Standard Analysis Software System (SASS). The results can be found in the Bright and Faint Source catalogues. For more details about SASS and the RASS catalogues refer to Voges et al. (1999 Voges et al. ( , 2000 .
THE METHOD
The proposed method using BPT estimates the background and sources in a single step. The aim is to infer simultaneously a background map for the complete field size (6 4 AE ¢ 6 4 AE in the sky) and a probability map for having source intensity in addition to the background intensity in a pixel cell or pixel domain. Bayesian inference allows to reason on the basis of sparse data employing additional information independent of the data. The results are given by probability distributions quantifying our state of knowledge.
For background estimation and source detection the additional information is the assumption that the background is smooth, e. g. spatially slowly varying compared to source dimensions. To allow for smoothness the background rate is modelled with a bivariate Thin-Plate spline. The coexistence of background and sources is described with a probabilistic two-component mixture model where one component describes background contribution only and the other component describes background plus source contributions. Each pixel cell (or pixel domain) is characterized by the probability of belonging to one of the two mixture components. For the background spline estimation the photons contained in all pixel cells are considered including pixels containing additional source contributions. The source probability is evaluated also for pixel domains, i. e. correlating information with neighbouring pixels, in order to enhance the detection of weak and extended sources. Two methods have been developed so far either correlating information employing gaussian weighting or within a circle. For the latter pixels are considered with a weight one if inside the correlation radius, otherwise zero. Photon counts and background are evaluated in the domain size and the new source probability is estimated with the mixture model technique.
The mixture likelihood consists of two components: the likelihood for the background component is a Poisson distribution and the likelihood for the background plus source intensity component is a marginalized Poisson distribution, where the source intensity is marginalized. The prior distribution of the source intensity is chosen to be exponential with mean value λ . The prior probability for the two complementary hypotheses is chosen to be β and 1 β . Marginalization of the nuisance parameters, λ and β , can be approximated by estimating λ and β employing the evidence approximation, where the background and source parameters are integrated out. The likelihood for the mixture model expresses our ignorance about the presence of purely background or additional source contribution in a certain pixel cell. This allows us to evaluate the posterior distribution over the background and the probability of having source contributions.
Thin-Plate Spline
The Thin-Plate Spline (TPS) has been selected for modeling the structure arising in the background rate of the ROSAT PSPC in Survey Mode data. We indicate the TPS with t´xµ, where x ´x yµ corresponds to the position on the grid in the detector field. The shape of the interpolating TPS surface will be given by a minimum curvature condition.
More specifically, the TPS is a weighted sum of translations of radially symmetric basis functions augmented by a linear term (see ref. [5] , [9] ), of the form
where E´xµ c 0 · c 1 x · c 2 y is the added plane. N r is the number of support points. The real-valued weight is characterized by λ l . f´x x l µ is a radial basis function, a real function of positive real values depending on the distance between the grid points x and the support points x l . Given the scattered data points x i and the data z i z´x i µ, the TPS satisfies the interpolation conditions
and minimises t 2 I f´x yµ℄
t 2 is a measure of the energy in the second derivatives of t. In other words, given a set of data points, a weighted combination of TPSs centered about each data point gives the interpolation function that passes through the points exactly while minimizing the socalled "bending energy". Therefore the TPS satisfies the Euler-Lagrange equation and its solution has the form
where r
This is a smooth function of two variables defined via Euclidean space distance. In order to fit the TPS to the data, it is necessary to solve for the weights and the plane's coefficients so that it is possible to identify the local TPS's amplitude:
which is a function of z l , the background rate given by the knots. The TPS interpolant is defined by the coefficients, c i of the plane E´xµ and the weights λ l of the basis functions. The solution for the TPS has been evaluated on an infinite support, considering that the requirements for this function to be fullfilled are:
1. t´xµ is two times continuously differentiable 2. t´xµ takes a particular value z i at the point x i 3. I f´x yµ℄ is finite
Given the interpolation values z ´z 1 z N r µ, we search for the weights λ l and c i so that the TPS satisfies:
t´x l µ z l l 1 N r (6) and in order to have a converging integral, the following conditions need to be satisfied:
The coefficients of the TPS, λ l , and the plane, c i , can be found by solving the linear system, that may be written in matrix form as:
where the matrix components are:
After having solved´λ cµ T , the TPS can be evaluated at any point.
Two-component mixture model
Given 
Hypothesis B i j specifies that d i j consists only of background b i j spoiled with noise ε i j . Hypothesis B i j specifies the case where additional source intensity s i j contributes to the background. Additional assumptions are that no negative values for signal and background amplitudes are allowed and that the background is smoother than the signal. This is achieved by modeling the background count rate with a bivariate Thin-Plate spline where the supporting points are chosen sparsely to ensure that sources can not be fitted. The spline fits the background component whereas count enhancements classify pixels (domains) with source contributions.
The likelihood distributions for the two hypotheses are
The signal in eqn. (9) The prior distribution over the signal is chosen to be exponential, accordingly to the Maximum Entropy principle,
assuming we know only the average value of the source intensity λ over the complete field.
The marginal Poisson likelihood for the hypothesis B i j has the form:
where Γ a x℄
x e t t a 1 dt´a 0µ is the incomplete Gamma-function and Γ a℄ Γ a 0℄ is the Gamma function, see Fischer (2001) . The prior probabilities for the two complementary hypotheses is chosen to be p´B i j µ β and p´B i j µ 1 β , independent on i j. Evidence approximation for hyperparameters λ and β . Within the framework of BPT the hyperparameters (nuisance parameters) λ and β have to be marginalized. Alternatively, and not quite rigorous in the Bayesian sense, the hyperparameters can be estimated from the marginal posterior probability density function, where the background and source parameters are integrated out,
The basic idea is to use BPT to determine the hyperparameters explicitly. This requires the posterior probability density function (pdf) of λ and β . Bayes' theorem gives:
The prior pdf for β is chosen to be constant in 0 1℄. Since λ is a scale parameter, the appropriate prior distribution is Jeffrey's prior: p´λ µ 1 λ . Eq. (15) can be written as follow:
Assuming the maximum of p´D z λ β µp´zµ is well determined, we can apply the Laplace approximation
where ∆ z z z £ , z £ corresponds to the maximum value of the integrand in eq. 16, and
is element of the Hessian matrix. Considering dim´ zµ N r , eq. (16) can be written as follow:
p´z £ µ is chosen to be constant. The last term corresponds to the volume of the posterior pdf of λ and β .
In our case of´512 ¢ 512µ data pixels the distribution p´λ β Dµ is peaked around a maximum at λ £ and β £ . On the right, source probability map estimated with BPT for the combined soft and hard energy bands. The source probability map accounts for the width of the instrumental point spread function and utilizes gaussian weights. (The ROSAT field of view has been displayed NOT in linear colors, but enhanced. The Source Probability map is displayed in linear colors.) FIGURE 2. On the left, the thin-plate spline map extracted from RS930625n00 field ( fig. 1) , broad energy band. The thin-plate spline models the background rate. On the right, the corresponding background map, which is the estimated background intensity obtained with the thin-plate spline multiplied with the observatory's exposure time. Contours are overplotted on both images.
RESULTS
Point-like and extended sources are clearly quantified in terms of probabilities (see fig. 1 ). The corresponding background map estimated from the selected ROSAT field is displayed in fig. 2 . The background is assessed through the Thin-Plate spline with the observatory's exposure time. The background map shows the prominent variation due to the heterogeneous satellite exposure time. fig. 1 ). The correlation size is written in the lower right corner of every image. In the first image, at the upper left corner, the RASS sources are overplotted to the source probability map. The RASS source indicated with 25-534 is recovered at a correlation length of 2 arcmin, while the source below 25-534 appearing at 1.5 arcmin correlation length has not been detected by SASS.
On the left figure the posterior pdf for the hyperparameters λ and β , p´λ β Dµ, is plotted for the field in the broad energy band. The nuisance parameters were estimated with the evidence approximation. The source probability is evaluated for single pixels as well as for pixel domains to enhance the detection of weak and extended sources ( fig. 3 ). The detection sensitivity is clearly enhanced compared to SASS. It results in the detection of faint sources listed in the RASS FSC and in the detection of very faint and extended sources not listed in the RASS catalogues. Comparisons have been made with other extragalactic databases. Four galaxies have been found in the region of the newly detected source with the described mixture modeling method.
